Non-stoichiometric HfO x films of different chemical composition (x<2) were fabricated by ionbeam sputtering deposition (IBSD) at room temperature. The ratio of O and Hf atoms in films x was varied by setting the O 2 partial pressure in a chamber. An effect of chemical composition on the atomic structure of the films was studied by reflection high-energy electron diffraction, x-ray photoelectron spectroscopy and field emission scanning electron microscopy methods. The films were found to be amorphous, consisting only of three components: Hf-metal clusters, Hf 4 O 7 suboxide and stoichiometric HfO 2 . The relative concentration of these components varies with changing x. The surface of the films contains the increased oxygen content compared to the bulk. It was found that the Hf 4 O 7 suboxide concentration is maximal at x=1.8. The concept of hafnium oxide film growth by the IBSD method is proposed to explain the lack of suboxides variety in the films and the instability of HfO 2 , when annealed at high temperature.
Introduction
Stoichiometric HfO 2 films are well explored [1] [2] [3] [4] being widely used in the silicon VLSI technology as a high-k material and optical coatings in high-power optics. However, non-stoichiometric HfO x films are considerably less studied. Typically, non-stoichiometric hafnium oxides (hafnium suboxides) appear in the studies of metal Hf oxidation kinetics [5] , chemical composition and thermal stability of HfO 2 /Si [6] and HfO 2 /SiO 2 [7] interfaces, and influence of substrate temperature on the hafnium oxide layers growth [8] . Hafnium suboxides are also considered in the discussion of HfO 2 instability at temperatures over 500°C [9] .
At present non-stoichiometric hafnium oxide (HfO x ) is a promising material for nonvolatile memory, called resistive [10] [11] [12] (memristive [13] ), or ReRAM (Resistive Random Access Memory), and its study is urgent. Resistive memory element is a metal-insulator-metal (MIM) sandwich-type structure, with the nonstoichiometric metal oxide [14] used as insulating layer. The electrical resistance of a memristive MIM structure can be reversibly switched from a high-to a low-resistance state by applying voltage pulses to metal electrodes. The switching mechanism is associated with redistribution processes of oxygen vacancies [1, 15, 16] in the insulating layer whose concentration depends on value x in a HfO x film. Although the atomic layer deposition (ALD) [17] [18] [19] technology is generally used for HfO x layer synthesis, the ion beam sputtering deposition (IBSD) method has its own advantages. This method produces thin films with growth uniformity, reduced surface roughness and adhesion to the substrate even for films grown at room temperature. It is widely used for growth of ZnO and MgZnO films for optoelectronic device applications [20] [21] [22] [23] , TiO 2 , Ta 2 O 5 , ZrO 2 и SiO 2 thin films for optical coatings [24, 25] , VO 2 films for microbolometer uncooled IR sensors [26] and so on. In IBSD the oxide composition can be easily set by adjusting the O 2 partial pressure [27] in contrast to the ALD method wherein a reduction in the oxidant concentration increases carbon impurities in the film.
The variation of chemical composition of HfO x leads to changes in films physical and electrical properties being of importance for application in the ReRAM structures. In this work the influence of IBSD-synthesized HfO x films composition (x<2) on their atomic structure and chemical composition is studied.
Experimental technique
2.1. Film synthesis HfO x films were grown by the IBSD method [28] on n-type Si (100) substrates (ρ=4.5 Ω×cm) at room temperature. Before deposition the substrates were precleaned in a hydrofluoric acid (HF) solution. The metallic hafnium (Hf>99.9%) target was sputtered by Ar + ions with the energy of 1.2 keV and current density of about
. The composition of HfO x was set by the O 2 partial pressure in the range of 0.4×10 −3
÷4.0×10
−3 Pa (high purity O 2 >99.999%).
Film morphology
The crystal structure was investigated by the reflection high-energy electron diffraction (RHEED) technique on an EF-Z4 device at the accelerating voltage of 50 kV. Nanoscale visualization of film surfaces was carried out using a field emission scanning electron microscopy (FESEM) technique on the Zeiss 1540 Crossbeam system. The instrumental microscope resolution was about 1.0 nm at 20 kV.
Films chemical composition
The elemental composition and chemical states of the elements in the HfO x films surface were characterized by x-ray photoelectron spectroscopy (XPS). The XPS core-level spectra of HfO x were measured using the UHVAnalysis-System (SPECS). The system is equipped with a PHOIBOS 150 hemispherical analyzer. A base pressure of a sublimation ion-pumped chamber of the system was less than 6×10 −10 mbar during the experiments. The
Al Kα radiation (E=1486.74 eV) was used as a source of photoelectron excitation. The XPS spectra were recorded at the fixed pass energy of 10 eV. The energy scale of the spectrometer was calibrated by setting the measured Au 4f 7/2 and Cu 2p 3/2 binding energies (BE) to 84.00±0.05 eV and 932.66±0.05 eV, respectively, in reference to the Fermi energy. The energy drift due to charging effects was not detected due to noticeable bulk conductivity of the samples. For the peak fitting procedure a Gaussian function was used with the Shirley background subtraction method.
Experimental results
The 6 samples to be investigated were grown at various O 2 partial pressures. RHEED studies of the crystal structure showed that all grown films were amorphous. The experimental films growth conditions are presented in table 1. The O 2 partial pressure was increased from sample #1 to sample #6. The growth rate (R) was determined by the quartz crystal microbalance (MAXTEC) with a constant material volumetric mass density. The density was set equal to the metallic hafnium one and, therefore, the measured growth rate was incorrect. True values of the growth rate were obtained after determinating film thicknesses by spectral ellipsometer [29] . FESEM images of the HfO x film surfaces are shown in figure 1 . The film grown at O 2 pressure 1.0×10 −3 Pa (sample #3) is likely to contain metal clusters ( figure 1(a) ). The clusters form light spots on a dark background indicating the work function in the metal clusters to be lower than that in the hafnium oxide surface. The clusters were of 10-80 nm in size ( figure 1(b) ), however, the true cluster size can be smaller than the observed size of the light spot due to a significant local electric field near a cluster facilitating the secondary electrons emission. The density of clusters was around 13 clusters/μm 2 . For the films grown at a lower O 2 pressure (sample #1), the Table 1 . Experimental growth conditions of HfO x films. P O2 -O 2 partial pressure, R-the growth rate measured by quartz crystal microbalance with a fixed layer material volumetric mass density, R SE -the growth rate estimated with used spectral ellipsometric data [29] , t-deposition time, ErrFit-the error of the fitting XPS data. average size of the clusters was around 15 nm (figure 1(c)), with clusters being continuously distributed in the medium ( figure 1(d) ). The photoelectron spectra of Hf 4f 7/2 -4f 5/2 for #1-6 samples are presented in figures 2(a) and (b). The spectrum of the sample #1 obviously consists of two doublets 4f 7/2 -4f 5/2 displaced relative to each other by 3.6 eV. With the increasing O 2 partial pressure, the low-energy doublet reduces, but the mutual disposition of doublets remains unchanged (samples #2-3). A further increase of O 2 concentration leads to disappearance of the low-energy doublets (samples #4-6). The behavior of the XPS peak at the O1s BE level is shown in figures 2(c) and (d). For samples #1-3 the position of the peak at 532.2 eV remains constant with the increasing O 2 concentration, but the lowering of the peak high-energy shoulder is observed. However, this shoulder does not disappear even at higher O 2 concentrations (sample #6).
To determine stoichiometry of the films, it is important to find out the presence of adsorbed oxygen in the surface. Forming of the surface layer with an oxygen excess is characteristic of metal surfaces, and this phenomenon was well studied in catalysis [30] . Since films #1-3 contain metal clusters, the adsorbed oxygen should be in them. The XPS data presented in figure 2 were obtained for the photoelectrons emitted normally to the surface. For the verification of the presence of adsorbed oxygen, the XPS spectra of sample #1 were measured for photoelectrons emitted at angles 90°and 30°to the surface (figure 3). Actually, a comparison of the XPS spectra revealed oxygen adsorbed on the surface. However, removing adsorbed oxygen by heating in ultrahigh vacuum at 573 K for 20 min failed. Therefore, sputtering of adsorbed oxygen off the surface by 600 eV Ar + ions for 3 min was used (figure 3, curve 3).
One can see that the height of the shoulder increases relative to the main O1s peak when measuring the spectrum at angle 30°(figure 3(b), line 2). This shows that the adsorbed oxygen corresponds to the high-energy shoulder of the main peak, whose height decreases after bombarding the surface by Ar + ions. However, the shoulder remains even after bombarding (figure 3(b), curve 3). This shoulder can be related to the Hf4s peak (BE=534 eV) [31] . For measurements at angle 30°, the Hf4f peaks intensities are reduced, with peaks corresponding to metal clusters being decreased significantly more ( figure 3(a) , curve 2). This means that the clusters are embedded in the film bulk and do not protrude above the film. Ion bombarding initiates a partial oxide reduction to metal on the surface leading to a low-energy Hf4f doublet intensity increase ( figure 3(a) , curve 3). Four components were used in order to approximate the experimental Hf4f peaks (figures 2(a) and (b)): HfO y suboxide (y=const), hafnium oxide HfO 2 , metallic hafnium Hf met , and metallic hafnium with oxygen adsorbed on its surface Hf ads . Each component was presented by two Gaussian lines (doublet) corresponding to 4f 5/2 and 4f 7/2 sublevels of the 4f level due to spin-orbit splitting. The energy gap between the sublevels was taken equal to 1.71 eV, and the sublevels intensities ratio was assumed as 3:4 (4f 5/2 is less than 4f 7/2 ) [5] . A similar Gaussian decomposition was carried out for the experimental peak at the O1s BE level. In this case, the used components were HfO y suboxide, HfO 2 , adsorbed oxygen O ads , and the component responsible for the Hf4s peak. The parameters of Gaussian lines were chosen the same for both Hf4f 7/2 -4f 5/2 and O1s peaks satisfying the minimal deviation of the theoretical approximation curve from experimental points (table 2). It is worth while noting that the energy position of Gaussian lines and FWHM for component HfO y were chosen the same for all samples (#1-6), only with the amplitude of the fitting Gaussian line being changed. It can be seen that the experimental results are well approximated by the chosen Gaussian line parameters. The approximation error of experimental XPS peaks was less 4% for all samples (table 1).
The coefficient x of HfO x films grown at various O 2 pressures is defined as the ratio of O1s peak area to the Hf4f 7/2 -4f 5/2 peak area with considering atomic scattering factors ( figure 4) . When calculated, the O ads and Hf4s peaks areas were subtracted from the O1s peak area. Calculated as the areas ratio of the corresponding Figure 3 . XPS spectra in the range of Hf4f (a) and O1s (b) BE levels for sample #1 obtained normal to the surface (line 1), at angle 30°( line 2), and after Ar + ion bombardment of the surface (line 3). Hf4f 7/2 -4f 5/2 and O1s peaks, the coefficient y of HfO y suboxide was found to be 1.74. The HfOx film composition concentration dependence on the coefficient x was similarly calculated (figure 5). Having regard to the instrumental and fitting error, the composition concentration one was about 9%. It is seen that increase of the O 2 partial pressure at the film growth processes reduces the Hf met metal component fraction and increases the HfO y suboxide fraction. Obviously, the increase of HfO y fraction is due to Hf met oxidation. Upon reaching its maximum, the HfO y suboxide concentration greatly reduces, while the stoichiometric HfO 2 fraction increases. The maximal HfO y concentration is accompanied with a vanishing of metallic hafnium Hf met . It is interesting to note that, while there is Hf met in the film, the concentration of stoichiometric HfO 2 slightly changes.
Discussions of results
Physical and chemical processes at IBSD-synthesis of HfO x films are complex and now there is no unified concept describing them. Therefore, the authors have to deal with some assumptions to explain the experimental results. The flux, arrived on the substrate surface, presumably consists of Hf, HfO, and HfO 2 particles. The average energy of sputtered particles is in the 1.5÷3.0 eV range [32] which is much higher than the lattice thermal vibrations energy (kT∼25 meV). The energy of sputtered particles is comparable to the O-Hf binding energy (2.9 eV) which can be calculated from the enthalpy of HfO 2 formation (−1117 kJ mol −1 ).
Thus, the growing film surface is intensively warmed and jumbled at the thermal accommodation process of sputtered particles, and film chemical composition tends to the one corresponding to a minimum of Gibbs free energy. Let us define the top layer of the film intensively warmed and jumbled by sputtered particles as a 'growth layer'. The growth layer absorbs oxygen supplied to the evacuated chamber. It is seen from table 2 that the Hf4f BE level being responsible for adsorbed oxygen is of the largest dispersion (FWHM=2.826 eV), that can be explained by the high variety of adsorption sites in the growth layer. The adsorbed oxygen is involved in the hafnium oxidation, but not all of the oxygen atoms are embedded in the lattice, as seen from the BE(Hf met )<BE(Hf ads )<BE(HfO y ) relation (table 2). It can play the role of a surfactant [33, 34] present on the surface in high concentration and increasing the adhesion probability of hafnium particles, however, not completely integrated into the lattice. At the end of the film growth, the adsorbed oxygen remains in the growth layer, with the oxygen concentration on the surface exceeding its concentration in the bulk ( figure 3) . The oxygen trapped in the growth layer during the film deposition differs from one typically adsorbed on the film surface exposed to air. Thus, it is impossible to exclude Hf ads and O ads components from Hf4f and O1s XPS peaks with heating in ultra-high vacuum at the temperature of 573 K for 20 min This oxygen is firmly bonded with hafnium and can only be removed by ion bombardment of the surface.
The growth layer moves together with the film surface leaving an amorphous HfO x film behind. The film composition is determined by the hafnium oxidation states in the growth layer. With a lack of oxygen in the growth layer, the hafnium atoms condense into the metal clusters whose concentration decreases with the increasing O 2 partial pressure in the chamber ( figure 1) . The growth layer thickness and the region heated by the sputtered particles are determined by their average energy. After thermal accommodation of a sputtered particle with energy 2.5 eV, about 10 atoms receive an additional energy equal to kT melting ≅0.25 eV, where T melting =3053 K is the melting point of HfO 2 . These 10 atoms determine the size of the area subjected to 'shaking' by one sputtered particle. As the film is composed of sputtered particles, each atom in the film and its neighbors are subjected to shaking as many times as there are atoms within the thermal accommodation region (thus, it is about 10 times). Thermal accommodation can be considered as repeated annealing of the growth layer leading to intensive atoms jumbling and the formation of the growth layer of near-equilibrium composition and, then, to amorphous film formation. Taking into account the thermal accommodation of sputtered particles, the composition of an amorphous HfO x film is supposed to be close to the one of thermodynamical equilibrium with the corresponding x. Thermal annealing of growth layer can explain the lack of suboxides variety in the film. Films grown at different O 2 pressures are well modeled by 4 components including only one HfO y suboxide with y=1.74. In the theoretical approximation of film XPS spectra, the binding energy and FWHM of Gaussian peaks for this suboxide remain unchanged ( [35] . Coefficient x goes into saturation with the increasing O 2 partial pressure (figure 4). The current of Ar + ion sputtering Hf target was the same for all samples. However, the rate of film mass change R (table 1) decreased by more than 2 with the increasing O 2 partial pressure by a factor of 10. This indicates a reduction of the process of Hf target sputtering due to hafnium oxide formation on the target surface. Thermal accommodation of sputtered particles causes multiple annealing of the growth layer and initiates direct and reverse oxidation reactions to form metal clusters. Thus, the growth layer phase composition is supposed to correspond to the chemical equilibrium between the direct and reverse reactions (1): The above-described behavior of equilibrium constant K1 explains the well known HfO 2 thermal instability [9] . If oxygen vacancies in a stoichiometric HfO 2 film emerged (for example, due to a film oxygen loss when heated in vacuum), equilibrium constant K1 increases. This means that a further oxygen loss and new vacancies formation in a film are facilitated leading to thermal instability of the film composition. When K1 reaches its maximum exceeding K2 (at x≅1.8), the oxygen loss does not lead to further HfO 2 destruction and metal clusters are formed due to Hf 4 O 7 suboxide destruction. Since K1 decreases with the decreasing x (x<1.8), the film oxygen loss process is slowed down.
Conclusions
HfO x films of a variable composition were grown by the IBSD method at room temperature. The composition x of HfO x films was varied by changing the oxygen partial pressure in an evacuated chamber. The grown films were amorphous. The study of the film surfaces by FESEM showed that the films grown with a lack of oxygen contain metal clusters. Self-consistent approximation of the XPS spectra in the binging energies range of Hf4f and O1s atomic levels by Gaussian functions showed that the films consist of metal Hf, Hf 4 O 7 suboxide, and HfO 2 and therefore no other Hf suboxides are present in the film's composition. The relative concentration of these components varies with changing x. Furthermore, it was found that the adsorbed oxygen is present in the near-surface layer. Its origin can be explained by the film growth mechanism rather than exposure of the samples to the air. The dependence of coefficient x from the O 2 partial pressure at the growth process was established, as well as the effect of coefficient x on the chemical composition of the films. It was found that the Hf 4 O 7 suboxide concentration increases and reaches its maximum with the increasing oxygen content in the film to a value of x≅1.8 and, then, falls sharply when x>1.8. Unlike Hf 4 O 7 , the HfO 2 concentration, with the increasing oxygen content in film x from 1.5 to 1.8, remains unchanged increasing dramatically at x>1.8. The concept of hafnium oxide film growth by the IBSD method was proposed. Within this concept, the explanation of the observed instability of HfO 2 at high-temperature annealing is given.
